Variation of gene length imposes a challenge on genes requiring co-expression.
Using a large human protein complex dataset we show that genes encoding subunits of the same protein complex tend to have similar length. The length uniformity is greater for complexes with stronger co-expression. We also show that the rate of gene length evolution is associated with gene co-expression level within a complex. These results suggest a new angle in understanding the evolution of protein complexes as well as the regulation of gene co-expression.
Proteins interact with each other in complexes that serve as functional units. One of the most striking examples of this is the ribosome, composed of hundreds of proteins.
To achieve economic and efficient assembly of a protein complex, expression of its different subunits should be coupled (Warner 1999) . Furthermore, the dosage imbalance caused by uncoordinated expression of subunits of a complex can be toxic to cells in a variety of ways (ABRUZZI et al. 2002; GEHLERT et al. 2007; VEITIA et al. 2008) . Therefore, evolution is expected to have shaped the regulation of genes to ensure co-expression of protein subunits. Indeed, genes encoding subunits of many protein complexes are coordinately expressed both spatially and temporally (LIU et al. 2008 ; VAN WAVEREN and MORAES 2008; WALHOUT et al. 2002) .
Attempts to understand the molecular basis of gene co-expression have focused mainly on shared sequences in their regulatory regions (BROWN et al. 2007; CHAWADE et al. 2007; ETCHBERGER et al. 2007; IHMELS et al. 2005) ; many over-represented motifs with important functional implications have been computationally identified, and some were experimentally confirmed to be causal motifs driving gene co-expression (IHMELS et al. 2005 ). In addition, human genes encoding interacted proteins tend to share micro-RNA target sites (LIANG and LI 2007) , suggesting co-regulation of the stability of their mRNA. Furthermore, expression levels can be modified by varying gene copy number through either gene duplication or gene deletion, and genes belonging to the same protein complex tend to duplicate together, revealing another strategy of maintaining gene co-expression (PAPP et al. 2003; QIAN and ZHANG 2008) .
Eukaryotic genes can be hundreds of kilobase pairs (kb) in length. With a transcription rate of ~20 nucleotides per second (IZBAN and LUSE 1992; UCKER and YAMAMOTO 1984) , the time of completion of transcription can be significant. In the human genome, the distribution of gene length is heterogeneous: the average length difference between two random human genes is 54±1 kb, which means that the time it takes to transcribe them can differ by ~45 minutes. This may impose a great challenge for genes requiring co-expression. We hypothesize that natural selection has acted to reduce the length variation of human genes encoding subunits of the same protein complex in order to achieve their co-regulation.
RESULTS
Genes encoding subunits of a protein complex have similar length: Data on protein complexes in humans were downloaded from MIPS (MEWES et al. 2008 ).
Proteins present in more than one complex were considered only in the largest complex. Small complexes (<10 subunits) were not considered because previous studies found that the co-expression pattern (LIU et al. 2008 ) and the requirement for dosage balance (YANG et al. 2003) are most important for large protein complexes. In addition, we excluded all young duplicates (d S <1) that are present in the same complexes because young duplicates tend to interact with each other (HE and ZHANG 2005; WAGNER 2001 ) and have similar gene length (our main results remain largely the same when all detectable duplicates were excluded; see Fig. S1 ). There are 26 large protein complexes encoded by 729 genes that were analyzed. We calculated the combined normalized length variation (CNLV) for the 26 complexes using the following formula:
where Len i is a vector storing the length of all genes encoding complex i. The standard deviation of Len (or length variation of a complex, LV) was normalized by dividing the mean of the vector to make the LVs of different complexes comparable.
We then randomly assigned the 729 genes to a complex while keeping the size of each complex unchanged to estimate the CNLV expected by chance. This simulation was conducted by 10,000 times, and the observed CNLV is significantly (P < 0.0001) smaller than expectations (Fig. 1a) . The same is true when small complexes (<10 subunits) were included in the analysis (data not shown). The signal is not contributed by only a small proportion of complexes; it is a general feature for a human protein complex in which the genes involved tend to have similar length. Fig. 1b shows the observed and expected LV for the 10 largest complexes. In all the 10 cases, the observed LV is smaller than the mean of expected LVs; 6 out of 10 show significant difference between the observed and expected LVs (P <0.0001).
Complexes with smaller LV have stronger co-expression: We obtained 16 human gene expression datasets from GEO (http://www.ncbi.nlm.nih.gov/projects/geo/), from which 59 time-course expression profiles, each with 3-17 time points, were extracted for further analyses (details of the 59 expression profiles are in Table S1 , n=687, Spearman's rank correlation; Fig. 3 ). This observation could also be explained by the possibility that great length change of a gene can drive the breakdown of its co-expression with other members. Separation of these two possibilities requires knowledge of the ancestral status of both gene length and gene expression, which, however, is difficult as the mode of gene length and gene expression evolution is not well understood DISCUSSION It is not surprising that introns explain the major effect of the gene length/expression correlation we described, as the total intron length of a typical human gene is ~20 times its total exon length. A previous study showed that genes with quick response to perturbations have a small number of introns (JEFFARES et al. 2008) ; our results strengthen the idea that intron length affects gene expression tempo. It is worth exploring the contribution of gene length to other types of expression regulation, such as expression level (CASTILLO-DAVIS et al. 2002; REN et al. 2006) LVs; a box contains the 50% of data points that are closest to the median, and the region between two horizontal grey lines contains the 90% of data points that are closest to the median. The observed LV of each complex is marked by a black triangle. 
